Abstract. Tumor hypoxia has been reported to induce tumor progression in several carcinomas. Current studies have shown that hypoxia inducible factor-1· (HIF-1·) is stabilized under hypoxic conditions and transactivates various genes related to cancer aggressiveness. In the present study, we examined whether hypoxia affects cancer invasion in hepatocellular carcinoma. We aimed to solve the molecular mechanism of tumor invasion under the hypoxic condition. We showed that tumor hypoxia accelerated cancer invasion in two hepatoma cell lines. Using Western blot and RT-PCR analyses we demonstrated striking evidence that the expression of HIF-1·, ETS-1, MMP-7 and MT1-MMP was strongly upregulated by hypoxic stimulation. To examine whether these invasionrelated genes are regulated by HIF-1·, we treated hepatoma cells with TX-402, which was reported to repress HIF-1· expression. HIF-1· expression was strongly repressed by the TX-402 treatment. In contrast, the expression of ETS-1, MMP-7 and MT1-MMP mRNA was not affected by TX-402 treatment. We further established stable transfectants in which HIF-1· dominant negative vector was introduced into Hep3B cells (pHIF-1·DN). In the pHIF-1·DN cells, the expression of ETS-1, MMP-7 and MT1-MMP was not repressed. Moreover, the invasion activity of pHIF-1·DN was not altered, compared with that of the mock. In hepatoma cells, we provided evidence that hypoxic stress accelerates cancer invasion by upregulating ETS-1 and the MMP family by an HIF-1·-independent pathway.
Introduction
Most solid tumors contain regions of low oxygen tension (hypoxia) due to an imbalance in oxygen supply and consumption. Although hypoxia is toxic to both cancer cells and normal cells, cancer cells undergo genetic and adaptive changes that allow them to survive and even proliferate in a hypoxic environment (1) . These processes contribute to the malignant phenotype and to aggressive tumor behavior. Several in vitro studies have demonstrated that tumor hypoxia induces angiogenesis, resistance against chemotherapy and radiotherapy, evasion of apoptosis and invasion and metastasis (1) (2) (3) (4) (5) . Also, in vivo studies have shown that human solid tumors contain regions with significantly lower oxygen tension than that found in normal tissue (6, 7) . Furthermore, it was reported that low oxygen tension in tumors was associated with increased metastasis and poor prognosis in patients with squamous tumors of the head and neck, cervical cancers or prostate cancer (8) (9) (10) .
The biological features of hypoxic tumor cells are closely related to altered gene expression under an oxygen-deficient condition. Hypoxia-inducible factor-1 (HIF-1) is a master transcription factor that plays a central role in hypoxic expression of various genes (11, 12) . HIF-1 is a heterodimeric basic helix-loop-helix protein that consists of · and ß subunits. Although HIF-1· and HIF-1ß are constitutively expressed, HIF-1· is just rapidly degraded in normoxia. Under the normoxic condition, HIF-1· protein is degraded by the binding of the von Hippel-Lindau (VHL) E3 ubiquitin ligase complex. The VHL complex adds ubiquitin to HIF-1·, which is then degraded by proteasomes. On the other hand, under the hypoxic condition, HIF-1· accumulates, dimerizes with the ß subunit, translocates to the nucleus, and initiates gene transcription. It was reported that HIF-1 regulates gene expression by binding to the hypoxia-responsive element (HRE) on target genes and that HIF-1 induces more than 40 genes under hypoxic conditions (13) . For example, HIF-1· activates the transcription of glycolytic enzymes such as aldolases A and C, glucose transporters such as glucose transporters 1 and 3 (GLUT-1 and GLUT-3), angiogenic molecules such as vascular endothelial growth factor (VEGF) and angiogenin and erythropoietin (EPO), which increase haemoglobin production (14) . HIF-1· also upregulates enzymes and proteins involved in tumor invasion and metastasis, such as urokinase-type plasminogen activator (u-PA), matrix metalloproteinase-2 (MMP-2), cathepsin D and c-met. Several reports have shown that HIF-1· overexpression is associated with poor prognosis in several carcinomas (14) . Thus, HIF-1· is postulated as a key molecule in tumor progression under the hypoxic condition.
Recently, scientists have realized that hypoxia is a common and specific characteristic in human tumors and have tried to establish a therapy that targets tumor hypoxia (15, 16) . Therefore, it is important to elucidate the molecular mechanism by which tumor hypoxia accelerates tumor progression.
We previously reported the molecular mechanisms of cancer invasion and metastasis in hepatocellular carcinoma (HCC), in which MMP expression is closely correlated with cancer progression (17, 18) . HCC is well known as a hypervascular tumor; however, it is hypovascular in its early stage and the rapid proliferation of tumor cells continuously induces local hypoxia in its advanced stage (19) . Therefore, it is possible for HCC to acquire the neovascularity and express malignant behavior under the hypoxic condition. In this study, we examined whether tumor hypoxia affects cancer invasion, and we investigated the molecular mechanism of tumor invasion under the hypoxic condition using hepatoma cell lines.
Materials and methods
Cell culture and exposure to hypoxia. Two established HCC cell lines (HepG2 and Hep3B) were purchased from Riken Cell Bank (Ibaragi, Japan). Cells were cultured in Williams E medium (Sigma, St. Louis, MO, USA), supplemented with 10% heat-inactivated fetal bovine serum (Sigma) and 100 μg/ ml kanamycin (Meiji, Tokyo, Japan) and incubated at 37˚C in a humidified atmosphere containing 20% O 2 and 5% CO 2 in air (referred to as the normoxic condition). For the hypoxia experiments, cells were placed in a hypoxic chamber (ASTEC, Fukuoka, Japan) containing 1% O 2 , 5% CO 2 and 94% N 2 , and the hypoxia chamber was maintained at 37˚C (referred to as the hypoxic condition).
Cell proliferation assay. Cell proliferation was analyzed by the MTT proliferation method. In brief, 1x10 4 cells/well were seeded in triplicate onto 96-well plates and incubated under the normoxic or hypoxic condition at 37˚C in a humidified atmosphere. After 24 h, the number of viable cells was measured in triplicate every day for 3 days using the CellTiter96™ non-radioactive cell proliferation assay kit (Promega, Madison, WI, USA). The proliferation curves were constructed by calculating the mean value of optical density measurements at 570 nm using a 96-well plate reader.
Transwell invasion assay. In vitro invasion activities through a gel matrix (Matrigel; Beckton Dickinson, Franklin Lakes, NJ, USA) were examined in 24-well plates as described previously (18) . In brief, 6.5-mm diameter polycarbonate filters (8-μm pore size) of the Falcon Transwell™ chemotaxis chambers (Beckton Dickinson) were coated with 50 μl (0.2 mg/ml) of Matrigel in cold Williams E (W/E) medium and dried overnight. Suspensions of 5x10 5 cells in 200 μl of complete W/E medium were plated on the upper compartment of the chamber and incubated under the normoxic or hypoxic condition at 37˚C in a humidified atmosphere. After 24 h, noninvasive cells Table I . PCR primers. 
on the upper surface of the filters were removed completely by wiping the filter surface with a cotton swab. Viable invaded cells, which adhere to the lower surface of the filter, were fixed using 70% ethanol, and the nuclei were stained using hematoxylin. Then, the number of invaded cells was counted. These experiments were performed in triplicate and independently repeated at least three times.
RT-PCR.
HepG2 and Hep3B cells were independently incubated under the normoxic or hypoxic condition for up to 24 h, and total RNA was isolated from each cell line using Isogen (Nippongene, Toyama, Japan). Reverse transcriptionpolymerase chain reaction (RT-PCR) amplification was performed using a commercial RNA LA PCR kit (AMV) version 1.1 (Takara Biochemicals, Shiga, Japan). The RNA samples (1 μg) were converted into cDNA using random primers and reverse transcriptase. Amplification by PCR was performed according to the manufacturer's instructions. The thermal cycles were: denaturing at 94˚C for 30 sec, annealing at 60˚C for 30 sec, and extension at 72˚C for 90 sec. The sequences of the PCR primer pair and the fragment size are shown in Table I . All reactions were repeated three times.
Western blot analysis. Cell lysate was extracted from the cells incubated under the normoxic or hypoxic condition. In some experiments, cells were treated with 100 μM CoCl 2 , which is reported to induce HIF-1· expression, as a positive control. Aliquots of each cell extract containing 30 μg of protein were resolved by 10% SDS-PAGE, and the separated extracts were electrophoretically transferred onto Hybond™ ECL™ membranes (Amersham Pharmacia Biotech, Buckinghamshire, UK) in a transfer buffer. The membrane was incubated with anti-HIF-1· antibody (clone H1·67, 1:1000 dilution; Novus Biologicals, Littleton, CO) and anti-ß-actin (clone AC-15, 1:1000 dilution; Sigma).
Treatment with TX-402. TX-402 (3-amino-2-quinoxalinecarbonitrile-1,4-di-N-oxide) was synthesized by H. Nagasawa, Y. Uto, and H. Hori. TX-402, a hypoxic cytotoxin, was reported to inhibit the expression of HIF-1· (20) . TX-402 was dissolved in 0.1% dimethylsulfoxide (DMSO) before treatment. Cells were seeded in 75-cm 2 flasks at a density of 1x10 6 cells per flask and then incubated under the normoxic condition. After 24 h of incubation, TX-402 was added in 8 ml of culture medium. The control treatment was DMSO (0.1%) alone. Then, the cells were placed in normoxic or hypoxic chambers for 20 h. After the treatment, the cultures were harvested for isolation of total RNA or extraction of whole cell proteins.
Establishment of a stable transfectant using HIF-1· dominant negative vector. HIF-1· dominant negative vector (pHIF-1·DN) was provided by Dr T. Matsui (Laboratory of Genomics and Proteomics, Faculty of Pharmacy and Pharmaceutical Science, Fukuyama University, Japan). Hep3B cells were cotransfected at a molar ratio of 1:10 using lipofectamine reagent (Invitrogen, Carlsbad, CA, USA) and pHIF-1·DN along with pcDNA3.1 vector (Promega), which encodes the neomycin resistance gene. The cells were cultured under G418 stress at 200~800 μg/ml concentration (Promega). After 2 weeks of incubation, individual G418-resistant colonies were subjected to subcloning using a cloning ring (Iwaki, Chiba, Japan). As a control, empty pcDNA3.1 vector (Promega) was transfected into Hep3B cells, and the established cells were used as mock transfectants.
Statistical analysis. Results of the MTT proliferation assay and the invasion assay were statistically analyzed using the Student's t-test to compare the normoxia and hypoxia conditions or the mock and HIF-1·-DN transfectants. P values <0.05 were considered statistically significant. MTT proliferation assays were performed under the normoxic and hypoxic conditions using HepG2 (A) and Hep3B cells (B). MTT activity was measured in triplicate on days 1, 2 and 3. The proliferation curves were illustrated by plotting mean value ± standard deviation of the triplicate measurements calculated by optical density at 570 nm in a 96-well plate reader. Relative proliferation values on day 2 and 3 were shown as a ratio to OD570nm on day 1. On day 3, relative proliferation values of the hypoxic condition significantly decreased compared with that of the normoxic condition (a, p<0.001; b, p=0.007).
Results

Effects
conditions, we performed MTT proliferation assays. As shown in Fig. 1 , cell proliferation under the hypoxic condition was decreased compared to the normoxic condition, with a statistically significant decrease on day 3. On the other hand, the invasion activity of both cell lines was significantly increased under the hypoxic condition as compared with that of the normoxic cells (Fig. 2) .
Expression of HIF-1· under the hypoxic condition.
We performed Western blot analysis to examine the expression of HIF-1· under the hypoxic condition. HIF-1· protein expression was induced in both cell lines after 4 h of exposure to hypoxia (Fig. 3) .
Examination of candidate genes relating to cell motility and invasion affected by the hypoxic condition.
To identify invasion-related genes that are activated by the hypoxic condition, RT-PCR analysis using primer sets (Table I) for candidate genes was performed. For motility genes, there were no apparent differences in the expression of HGF, c-met, mts1, RhoA, nm23, CD44, integrinß4 and integrin·4 under the normoxic and hypoxic conditions. Expression of the integrinß1 gene was not observed in any cells (data not shown).
Expression levels of erythropoietin and GLUT-1, which are reported as target genes of HIF-1· were increased under the hypoxic condition (Fig. 4) . Among the invasion-related genes, the expression levels of ETS-1, MMP-7 and MT1-MMP were remarkably elevated under the hypoxic condition compared with the normoxic condition (Fig. 4) . However, there were no differences in the expression of E-cadherin, occludin, snail, SIP-1, TIMP2 and uPA. Expression of MMP-1, MMP-2, MMP-3 or MMP-9 was not found in any cells (data not shown).
Effect of TX-402 on HIF-1· and hypoxia induced-gene expression.
We examined the effect of TX-402 on HIF-1· using hepatoma cell lines. As shown in Fig. 5 , HIF-1· proteins in both cell lines were repressed in a dose-dependent manner by treatment with TX-402. We also analyzed the expression of the hypoxia-induced genes after treatment with TX-402. Conventional RT-PCR revealed that TX-402 repressed not only HIF-1· mRNA, but also erythropoietin and GLUT-1 mRNA expression in a dosedependent manner (Fig. 6) .
On the other hand, the expression of ETS-1, MMP-7 and MT1-MMP was not affected by treatment with TX-402 (Fig. 6) .
Expression of hypoxia-induced genes and invasion activity in the pHIF-1·DN transfectant.
We used RT-PCR to examine the expression of several genes in the pHIF-1·DN transfectant. Under the hypoxic condition, the pHIF-1·DN transfectant showed repression of erythropoietin and GLUT-1 expression, but not ETS-1, MMP-7 and MT1-MMP expression (Fig. 7) . These results show that HIF-1· does not regulate ETS-1, MMP-7 and MT1-MMP genes under the hypoxic condition. We then analyzed the invasion activity of the pHIF-1·DN transfectant under normoxic and hypoxic conditions. There was no change in the invasive activity between the pHIF-1·DN transfectant and the mock transfectant under the normoxic and hypoxic conditions (Fig. 8) .
Discussion
Haung et al recently demonstrated in an immunohistochemical analysis that HIF-1· expression is significantly correlated with VEGF expression, microvessel density and the prognosis of patients with HCC (21) . The authors suggested that tumor hypoxia induced neovascularization and increased tumor progression, leading to a poor prognosis in HCC. Another report showed that the surviving cells in HCC nodules pretreated with transarterial chemoembolization (TAE) grow faster than those in neighboring nodules and become resistant to subsequent TAE treatment (22) . These reports suggested that the hypoxic environment in a tumor is a critical event for the acceleration of tumor progression and malignancy in HCC.
In the present study, we examined whether hypoxia affects tumor progression, especially cancer invasion, in hepatoma cells and analyzed the molecular mechanism by which tumor hypoxia increases cancer invasion in HCC. We examined cell proliferation under hypoxic conditions using HepG2 and Hep3B cells. MTT proliferation assays showed that hypoxia inhibited cell proliferation. This result supports the previous report that hypoxia induced a delay in the cell cycle by blocking G1 to S progression (23) . On the other hand, we found that the invasion activities of both cell lines were significantly accelerated by hypoxic stimulation. We analyzed the alterations in the expression of invasion-related genes during hypoxic stimulation. HIF-1· is a well-known transcription factor that regulates various genes under tumor hypoxia. Western blot analysis revealed that HIF-1· proteins were immediately induced in both cell lines, supporting 1·DN) . Individual cell clones were isolated after selection by G-418 (DN-1, -2 ). In the pHIF-1·DN transfectant, the expression levels of erythropoietin and GLUT-1, but not ETS-1, MMP-7 and MT1-MMP, were repressed compared with the mock transfectant under the hypoxic condition. ß-actin levels were used as an internal marker. previous reports of HIF-1· stabilization under hypoxic conditions. We next examined the expression levels of 22 candidate genes related to cancer invasion using RT-PCR analysis. In addition, we also analyzed the expression of EPO and GLUT-1, which are known target genes of HIF-1· during hypoxic stimulation. Among the candidate genes, we found that the expression levels of ETS-1, MMP-7 and MT1-MMP were upregulated under the hypoxic condition. We confirmed the upregulation of these genes by quantitative RT-PCR analysis (data not shown). It was previously reported that the expression of u-PA, MMP-2, cathepsin D and c-met were transcriptionally regulated by HIF-1· (14) . However, the expression levels of these genes were not increased under the hypoxic condition in HepG2 and Hep3B cells. It was also reported that HIF-1· regulated ETS-1 expression by binding to the HRE on the promoter of ETS-1 (24) . ETS-1 was reported to regulate the expression of the MMP family, including MMP-7 (25) . The MMP family is known to play a key role in the tumor invasion of various human cancers including HCC (26) . Increased expression of MMP-7 and MT1-MMP has a strong association with dedifferentiation, portal invasion, intrahepatic metastasis and recurrence (27) (28) (29) . Therefore, we hypothesized that HIF-1· expression was induced under the hypoxic condition and upregulated ETS-1 expression, which led to increased expression of MMP-7. These molecular events might contribute to HCC invasion accelerated under the hypoxic condition.
To clarify this hypothesis, we inhibited HIF-1· expression under the hypoxic condition by treatment with an HIF-1· inhibitor, TX-402. TX-402 is a bioreductive drug that selectively induces p53-independent apoptosis of tumor cells under the hypoxic condition (30) . Also, TX-402 repressed HIF-1· mRNA and protein expression in several carcinoma cells and led to the suppression of VEGF and GLUT-3 mRNA expression (20) . We analyzed whether or not the upregulation of ETS-1, MMP-7 and MT1-MMP under hypoxia is inhibited by TX-402. We performed Western blot analysis to examine the expression of HIF-1· protein after treatment with TX-402. HIF-1· protein was dramatically repressed in a dose-dependent manner by treatment with TX-402. RT-PCR analysis showed that the expression of EPO and GLUT-1 was suppressed after treatment with TX-402. However, the expression levels of ETS-1, MMP-7 and MT1-MMP were not affected by the treatment. These results suggested that the expression of ETS-1, MMP-7 and MT1-MMP genes was independent of the HIF-1· signal pathway.
We also established a stable transfectant using the HIF-1· dominant negative vector (pHIF-1·DN) to confirm that the expression of ETS-1, MMP-7 and MT1-MMP is independent of HIF-1·. The expression of EPO and GLUT-1 was repressed in the pHIF-1·DN transfectant; however, the expression of ETS-1, MMP-7 and MT1-MMP was not downregulated under the hypoxic condition. Furthermore, the invasion activity of the pHIF-1·DN transfectant did not decrease under the hypoxic condition compared with the mock transfectant. These results suggest that the induction of ETS-1, MMP-7 and MT1-MMP genes under the hypoxic condition was independent of HIF-1· expression. In HepG2 and Hep3B cells, HIF-1· does not seem to control cancer invasion through ETS-1, MMP-7 and MT1-MMP genes under the hypoxic condition.
Various reports have highlighted that HIF-1· is a central factor promoting tumor progression under the hypoxic environment. However, it has been reported that several genes are not directly regulated by HIF-1· under the hypoxic condition. VEGF, which is known to be a target gene of HIF-1·, was induced by hypoxia through the HIF-1·-independent pathway in colon cancer (31) . Also, Pichiule et al reported that hypoxia-driven angiopoietin-2 expression was independent of the HIF-1· pathway (32) . Coffey et al demonstrated that resistance to hypoxia-induced apoptosis was not dependent on HIF-1· stabilization in prostate cancer cells (33) . These findings suggest the existence of HIF-1·-independent mechanisms that regulate tumor progression under the hypoxic condition. Like HIF-1·, HIF-2· accumulates in the presence of hypoxia, forms a hetero dimmer with HIF-1· and binds to hypoxic response elements. It was reported that several genes were regulated by HIF-2· but not HIF-1· under hypoxia (34) . Further investigation is necessary to elucidate the HIF-1·-independent pathway that modulates the invasion activity of HCC under tumor hypoxia including HIF-2·.
In conclusion, we demonstrated that tumor hypoxia accelerates cancer invasion by upregulating the expression of ETS-1 and MMPs in HCC cells. These findings suggested a novel invasion pathway under tumor hypoxia by which HIF-1· expression is not mediated.
